Coarse-grained molecular dynamics simulations are used to explore the interaction with a phospholipid bilayer of the voltage sensor (VS) domain and the S4 helix from the archaebacterial voltage-gated potassium (Kv) channel KvAP. Multiple 2-s selfassembly simulations reveal that the isolated S4 helix may adopt either interfacial or transmembrane (TM) locations with approximately equal probability. In the TM state, the insertion of the voltage-sensing region of S4 is facilitated via local bilayer deformation that, combined with side chain ''snorkeling,'' enables its Arg side chains to interact with lipid headgroups and water. Multiple 0.2-s self-assembly simulations of the VS domain are also performed, along with simulations of MscL and KcsA, to permit comparison with more ''canonical'' integral membrane protein structures. All three stably adopt a TM orientation within a bilayer. For MscL and KcsA, there is no significant bilayer deformation. In contrast, for the VS, there is considerable local deformation, which is again primarily due to the lipid-exposed S4. It is shown that for both the VS and isolated S4 helix, the positively charged side chains of S4 are accommodated within the membrane through a combination of stabilizing interactions with lipid glycerol and headgroup regions, water, and anionic side chains. Our results support the possibility that bilayer deformation around key gating charge residues in Kv channels may result in ''focusing'' of the electrostatic field, and indicate that, when considering competing models of voltage-sensing, it is essential to consider the dynamics and structure of not only the protein but also of the local lipid environment.
V
oltage-gated potassium (Kv) channels play a key role in excitable cells (1) . Recent structural (i.e., x-ray) and biophysical (2-4) studies have focused on the voltage sensor (VS) domain. Structural data suggest that the VS forms a relatively independent domain, and a high-resolution structure of an isolated VS domain from the archaebacterial channel KvAP has been determined (5, 6) . The VS appears capable of adopting different orientations relative to the pore domain of Kv channels (7) . The structure of the VS in a mammalian channel, Kv1.2, is similar to that of the isolated KvAP VS, and packs rather loosely against the pore domain (8, 9) . In support of the VS domain as an independent unit, homologous domains have been found in two non-Kv proteins: a voltage-sensitive phosphatase (10) and a voltage-sensitive proton (Hv) channel (11, 12) . It is thought that the VS, or elements of its structure, move in response to change in voltage across a cell membrane. However, the exact nature and extent of such VS motion remains unresolved (6, 9, (13) (14) (15) (16) (17) . In this context, it is crucial to understand how a VS domain interacts with the surrounding lipid bilayer.
Central to the function of the VS is the S4 helix. The VS is composed of four transmembrane (TM) helices, S1-S4. S4 is unusual for a TM helix in that it contains several basic amino acid side chains that act as the primary voltage-sensing elements. The pattern of basic side chains within S4 is conserved in Kv channels, and also in voltage-activated calcium and sodium channels, in the voltage-sensitive phosphatase, and in the Hv channel. This observation raises the question of how the S4 helix is accommodated within a lipid bilayer. Are the charges of S4 completely shielded from interactions with the lipid by other regions of the VS protein, or does local reorganization of the lipid bilayer accommodate the voltage-sensing S4 helix?
A related question is that of how the S4-containing VS domain is inserted into a bilayer. Given the two-state model of membrane protein folding (18) and its recent modifications (19, 20) , one may ask whether the S4 region of the Kv sequence may form a stable isolated helix within a bilayer. An S4 helix derived from KvAP may be biosynthetically inserted into a membrane (21) , and S4 helix peptides also insert into a bilayer in vitro. † Molecular dynamics (MD) simulations provide a computational approach to exploring the interactions of membrane proteins with their lipid bilayer environment (23) (24) (25) . Atomistic MD simulations have been used to explore the interactions of a TM S4 helix with a lipid bilayer (26) , of a Kv1.2 channel with a lipid bilayer (27) , and of the KvAP VS with a detergent micelle (28) . However, such simulations do not readily access long (Ϸ1 s) time scales, which may be necessary to allow local lipid rearrangement around S4 and the VS. Coarse-grained (CG) MD simulations (29) (30) (31) (32) (33) enable longer time scales to be addressed and have proved useful in enabling us to model the dynamics of lipid bilayers (29, 30, 34) and the interactions between lipid bilayers and membrane proteins (35) (36) (37) (38) . Here we use CG-MD self-assembly simulations to explore the interaction of the S4 helix from the KvAP VS, and of the intact KvAP VS domain, with a phospholipid bilayer. We demonstrate that both may be accommodated in a membrane via local bilayer deformation, which allows favorable interactions between the charged side chains of S4 and the lipid headgroup region and associated water molecules. The implications of this with respect to channel gating are explored.
process of coarse graining is illustrated for the KvAP VS domain protein (Fig. 1) . A similar process may be applied to the isolated S4 helix of the KvAP VS. The overall shape of the protein is preserved in the CG model. In particular, the relative surface exposure of the basic side chains (Fig. 1B) is close to that in the starting atomistic structure (Fig. 1 A) for both the isolated S4 helix and for the helix in the VS.
S4 Helix Simulations.
The isolated S4 helix ( Fig. 2A) is divided into two regions by a central glycine (G134). The N-terminal half contains the main voltage-sensing arginine side chains (R117, R120, R123, R126, and R133). The C-terminal half contains a number of cationic (Arg, Lys) and anionic (Asp) side chains. Thus S4 is relatively polar for a TM helix. It should be noted that S4 adopts different conformations in different crystal structures. Thus, in the first KvAP structure [Protein Data Bank (PDB) ID 1ORQ], the S4 helix is interrupted by a short loop around G134, before forming another helical region contiguous with the S5 helix (5, 6) . In comparison, in a later KvAP structure (PDB ID 2A0L), the S4 helix is longer (extending to residue 140), and is ended by a long, unstructured loop (the ''S4-S5 linker'') (7). However, S4 from the isolated VS domain (PDB ID 1ORS) is composed of a single, continuous helix (from residues 115-148), as shown in Fig. 2 A, and this continuous helix was the starting point for our CG simulations. Given that S4 (albeit a shorter version) can insert biosynthetically into a membrane (21) , and the subsequent debate concerning the significance of this result (39), we explored how S4 inserts into a lipid bilayer in CG simulations.
Because we anticipated that S4 might adopt either a TM or an interfacial location, we ran an ensemble of 10 CG-MD simulations (each of 2-s duration) of the self-assembly of S4 with a dipalmitoylphosphatidylcholine (DPPC) bilayer, to obtain a representative sample of the behavior of the helix in a bilayer environment. The initial configuration of the simulation system was a preformed S4 helix ( Fig. 2 A) surrounded by 256 randomly positioned CG lipid molecules and Ϸ3,000 water particles. The bilayer formed after Ϸ0.1 s, and the S4 helix was indeed able to adopt two alternative orientations relative to a lipid bilayer. In six of the 10 simulations, the S4 helix adopted an interfacial location, whereas in the other four simulations a TM orientation was adopted across the bilayer (Fig. 2B) . In any given simulation, we did not observe transitions between the interfacial and TM orientation once either had been reached, suggesting that the energy barrier for interconversion between these may be too high to be crossed on a microsecond time scale. Thus, in vivo insertion of S4 into a preformed bilayer must require longer time scales, and presumably, additional transloconrelated machinery (40) .
Further examination of those simulations in which the S4 helix adopted a TM orientation reveals a dynamic equilibrium between two conformations. In one conformation, the TM helix is tilted relative to the bilayer (by Ϸ45°), whereas, in the other, there is a kink in the middle of S4 (the kink angle varies between Ϸ0°and Ϸ60°) such that its N-terminal segment (containing the four key Arg residues) is TM and the C-terminal segment adopts a more interfacial location. Switching between kinked and unkinked conformations occurred on a Ϸ100-ns time scale. The kink in S4 is close to the G134 residue, i.e., the middle of the helix. Interestingly, this G134 is the location of a kink in the original full-length structure of KvAP (PDB ID 1ORQ) (5, 6), but the kink at this glycine is not observed in the isolated VS (PDB ID 1ORS) from which the CG model was derived (or in the later KvAP structure, i.e., 2A0L). Thus, in our simulations the TM configuration of the isolated S4 helix may be capturing an inherent flexibility which is responsive to the local environment, and which may therefore have a functional role in voltagesensing. The kinking and tilting of the S4 helix implies that there is a degree of "tension" in trying to accommodate the long (35 residues) and multiply charged S4 helix in a lipid bilayer. When S4 is kinked, the voltage-sensing Arg-containing N-terminal region of S4 is more often inserted, as this is hydrophobic relative to the C-terminal half of S4. Even when S4 is tilted but unkinked, the C-terminal region is pushed up toward the interface. Visualization of the simulations suggests that the Arg-containing N-terminal half of S4 is accommodated in the bilayer via local bilayer deformation which, combined with side chain ''snorkeling'' (41, 42) , enables the Arg side chains to interact with lipid headgroup particles (see below).
It is significant that S4 adopts a TM orientation in Ϸ50% of the simulations. This compares well with the biosynthetic insertion data (21) , which suggested ⌬G Ϸ 0 for interconversion between an inserted (TM) and noninserted location of S4. More recently, oriented CD studies of an S4 peptide suggested it can insert in either an interfacial or a TM orientation (22) . These comparisons lend confidence to the accuracy of the CG-MD method. Our observation of a combination of S4 helix kink and tilt when inserted into the bilayer suggests stabilization of S4 is complex. Experimental studies of insertion (21, 22 ) used a shorter S4 sequence than that in our simulations, complicating more detailed comparisons. NMR studies on a related S4 peptide (derived from the Shaker Kv channel sequence; ref. 43 ) suggested a predominantly interfacial location.
Although our results are consistent with recent biosynthetic insertion data, one might question whether the TM vs. interfacial orientations obtained here could be ''metastable'' artifacts of the self-assembly procedure. This is somewhat difficult to address because, even though the simulation times are extensive (a total of 20 s of data were obtained), transitions between TM and interfacial orientations are not observed. However, the simulation method has been validated via application of the CG self-assembly protocol to a variety of other peptides for which experimental data on helix orientations in a membrane were available, resulting in correct predictions for transmembrane, interfacial, and mixed interfacial/transmembrane peptides (38) . Nevertheless, it might be argued that comparison of these with such an unusually complex peptide as the S4 helix remains problematic. Therefore, we carried out a series of in silico mutant S4 simulations. Specifically, we mutated the side chain of Leu-128, located in the center of the S4 helix to an Arg side chain. An ensemble of 10 2-s self-assembly simulations for the S4-L128R mutant revealed that, in all cases, this helix adopted an interfacial orientation after bilayer formation. Thus, as expected, an increase in helix polarity results in a decrease in the percentage of membrane insertion. This finding confirms the sensitivity of the CG self-assembly process, and suggests that a correlation between the results of such simulations and biosynthetic insertion equilibria might not be unreasonable. Interestingly, in some cases, an apparently metastable location of the helix in a TM orientation was evident for up to a few hundred nanoseconds before it adopted an interfacial location and the bilayer was formed. To further investigate this finding, we extracted snapshots from the simulations of the wild-type S4 helix in which a TM orientation was observed. After this, we converted these S4 helices into the more polar L128R mutant, and carried out three 2-s simulations starting the mutant in a TM state. In each case, we observed rapid peptide deformation, resembling the normal S4 helix while in its Gly-134-kinked state as described above, suggesting a high degree of ''tension'' in the TM orientation for the L128R S4 mutant. Over the subsequent 10-50 ns, the additional Arg side chain at position 128 ''dragged'' the Nterminal half of the S4 helix toward the bilayer interface, before causing the peptide to completely exit the hydrophobic region of the membrane and adopt an interfacial location by within Ϸ60 ns. Therefore, at least for the more polar S4-L128R mutant helix, transitions between metastable states are observable on the time scales of our CG simulations, suggesting that the distribution of TM vs. non-TM orientations observed for the wild-type S4 helix reflects a genuine equilibrium.
VS Simulations. We extended the S4 studies to a more ''physiological'' simulation of an intact VS domain in a bilayer. Three 0.2-s self-assembly simulation were run for the isolated KvAP VS domain in a 256-lipid DPPC bilayer. Experience with Ϸ40 different membrane proteins suggests this protocol will allow self-assembly/relaxation of a phospholipid bilayer around a membrane protein. In particular, it should be noted that successful bilayer insertion has been achieved using this protocol for more complex membrane proteins, including multidomain proteins e.g., the sugar-transporter LacY (38) and the ABC transporter BtuCD, and membrane proteins with large extracellular domains, e.g., Ca 2ϩ -ATPase, and the nicotinic acetylcholine receptor (nAChR) (see http://sbcb.bioch.ox.ac.uk/cgdb; P.J.B. K. Scott, K. Balali-Mood, and M.S.P.S., unpublished data). Moreover, CG self-assembly has been carried out for a number of monotopic membrane proteins, locating resulting these proteins at the bilayer/water interface (K. Balali-Mood, P.J.B., and M.S.P.S., unpublished data) in good agreement with experimental data (44) . Furthermore, the CG method has been shown to correctly locate voltage sensor toxins (e.g., SGTx) at the membrane/water interface, in agreement both with atomistic simulations and experimental data (45) . Therefore, this protocol provides a relatively robust method for simulating lipid selfassembly around the transmembrane regions of membrane proteins. To compare with the VS domain, simulations were also run for the TM domains of MscL and KcsA as example of more ''canonical'' integral membrane protein/ion channel structures. All three membrane proteins (MscL, KcsA, and KvAP-VS) assembled into a bilayer in their anticipated TM orientations (see Fig. 3A ). MscL and KcsA stably adopted a TM orientation in the lipid bilayer, with no suggestion of any significant bilayer deformation. The final C␣ root mean square deviations of the proteins from their initial structures were 3.4 Ϯ 0.2 Å and 1.9 Ϯ 0.1 Å for MscL and KcsA, respectively. The corresponding value for the three KvAP-VS simulations was 2.3 Ϯ 0.3 Å. These values are comparable to those seen in atomistic MD simulations of membrane proteins (23) . This finding demonstrates that the harmonic restraining potentials used in the CG model were sufficient to maintain the protein tertiary structure, reproducing the behavior of corresponding atomistic simulations (as seen in previous comparisons, e.g., LacY in ref. 38) .
By visualization, it is evident that there is considerable local deformation of the bilayer by the VS, in marked contrast with the other two membrane proteins/ion channels. To quantify such deformation we estimated the mean distance across the bilayer between opposing headgroup P particles (corresponding to the phosphate groups of the lipid molecules) to give d PP as a function of radial distance of the lipids from the centre of mass of the membrane protein (Fig. 3B) . For MscL and KcsA, there is a suggestion of a very small degree of protein/bilayer mismatch immediately adjacent to the protein but there is no significant deformation of the bilayer. In contrast, for the VS there is a considerable (Ϸ5 Å) local deformation of the bilayer. Close to the center of the VS protein, the Ps are ''pulled'' into the protein near the S4 helix (aided by snorkeling of the Arg and Lys side chains). An almost identical degree of mismatch is also evident for the glycerol backbone particles. This effect is gradually diminished toward the ends of the lipid molecules, so that the deformation is Ϸ3-4 Å for the second dipalmitoyl tail particles, and Ϸ0-1 Å for the fourth (i.e., terminal) tail particles. Significantly, a very similar pattern of local deformation is seen for the intact VS and for the isolated S4 helix, with a bilayer deformation of Ϸ4 Å for the headgroup P particles. Deformation of the bilayer by the VS can also be visualized as an average d PP value as a function of position in the membrane (xy) plane (Fig. 3C ). This finding reveals that the deformation is most pronounced around the (lipid exposed) S4 helix of VS, with little/no deformation on the opposite, more hydrophobic face of the protein.
To examine how the S4 helix is stabilized by lipid and water contacts, interparticle contacts of Ͻ6 Å to P (i.e., phosphate), G (i.e., glycerol), and W (i.e., water) particles from S4 Arg and Lys side chain particles were analyzed. (This analysis was carried out for the equilibrated period of each simulation only. Thus, for the isolated S4 helix simulations in which the peptide was in a TM orientation, and for all VS domain simulations, the first 100-200 ns were discarded to allow for bilayer formation and equilibra-tion of protein-lipid interactions.) For the isolated S4 helix (Fig.  4A ) it is evident that there are significant water contacts to the C-terminal region of S4. For the N-terminal Arg-rich region, all three classes of contact (W, P, and G) are present, even extending to the R126 and R133 side chains that are ''buried'' in the middle of the lipid bilayer. For the VS (Fig. 4B) , the N-terminal 4 Arg residues also form all three (W, P, and G) classes of contact. For the central (R133 and K136) and Cterminal segments, in addition to water contacts, there are significant contacts to anionic side chains of the remainder of the VS protein.
Details of interaction between the protein and the other system components differed between simulations of the isolated S4 helix and of the VS domain. However, if one analyzes the total interactions ( Fig. 4C) with protein, the pattern becomes more similar. Thus, in both systems, the four key Arg residues form at least one stabilizing interaction each, and all but one (R126 in S4, and R133 in the VS) of the eight Arg and Lys residues form at least two interactions. Nevertheless, there remain some differences. In particular, there are slightly more interactions between the N-terminal half of the helix in the VS simulation than the isolated S4 simulation, due primarily to greater solvation by water. On the other hand, there are slightly more interactions with the C-terminal half in the S4 simulation than in the VS simulation; the lack of protein-protein contacts for the isolated S4 leads to greater helix flexibility, enabling the C-terminal half of S4 to interact more strongly with the lipid headgroups as a result of the helix kinking/tilting described above. It is also of interest to examine the time scale of interactions, by analyzing how long each phosphate, glycerol, water, and anionic side chain particle was bound to a particular S4 side chain before disassociation over the course of all simulations. From this analysis, it was evident that for both the S4 and VS simulations, no tightly bound water particles were present. In comparison, for both the glycerol and phosphate side chain particles, both short (Ͻ5 ns) and long (Ͼ5 ns) time scale interactions were present. For both the VS and isolated S4 helix simulations, up to Ϸ15% of each simulation included long time scale interactions between Arg/Lys side chains and phosphate particles, increasing up to Ϸ20% for interactions with glycerol backbone particles. These longer time scale interactions presumably facilitate the local bilayer deformation described above.
For the VS, although the strongest interactions with lipid headgroups occur for the most N-terminal Arg side chains, both short and long time scale interactions are gradually abolished toward the center of the helix. Presumably to counteract this, long time scale interactions with anionic side chains are evident for all but the first two N-terminal Arg residues. This finding is in agreement with spin-label side-chain accessibility and mobility measurements on KvAP, which suggested that the S4 helix resides on the outer perimeter of the protein against the membrane, and that the two most N-terminal Arg side chains are exposed on the membrane surface, whereas the following two side chains are buried within the protein (46) . In our studies, the protein-protein contacts are made with several specific Asp and Glu side chain particles, and last for over Ϸ90% of each simulation. In particular, Arg-133, which makes zero contacts with water, glycerol, or phosphate groups, lies in the center of the S4 helix, and makes a permanent contact with Asp-62 on the S2 helix. Interestingly, this salt bridge is also maintained throughout long time scale atomistic simulations of the VS domain in a detergent micelle, and is similarly the primary constriction to water penetration (28) .
Discussion
These results provide further evidence that the S4 helix, and in particular the S4 helix within the VS domain structure, is able to (meta)stably span a phospholipid bilayer. This spanning is achieved by local deformation of the lipid bilayer (and consequent penetration of water) combined with conformational changes of the protein in the form of tilting/kinking of the backbone and Arg/Lys snorkeling. Bilayer deformation was suggested by earlier atomistic simulation studies of S4 (26) and of the intact Kv1.2 channel (27), both of which relied on brief (Ϸ10 ns) simulations in which the helix or channel was preinserted in a bilayer. In the current simulations, we used a coarse-grained approach to simulate self-assembly on a microsecond time scale, thus enhancing sampling of lipid molecule configurations around the S4 helix. Local bilayer deformation will enable ''focusing'' of the electrostatic field around key gating charge residues of S4 (26, 27) . These results are relevant to our understanding of mechanisms of Kv channel gating. In particular, they indicate that when considering competing models (4, 16, 47, 48) of voltage-sensing, it is essential to allow for the molecular scale deformability of the lipid bilayer, and not to treat it as a hydrophobic slab of fixed and uniform thickness surrounding the channel protein. Indeed, Freites et al. (26) used a simulation of a preinserted S4 helix to propose that the membrane serves as a ''structural extension'' of the protein. The self-assembly simulations presented here of both S4 and the VS domain confirm this hypothesis.
Additionally, we have demonstrated that the VS domain can exist stably as an independent domain in a lipid bilayer. This finding is important in explaining how a homologous VS domain may be exploited in a voltage-sensitive enzyme (e.g., the voltagesensitive phosphatase from Ciona intestinalis; ref. 10) or as a ''combined'' sensor and pore domain in voltage-gated proton channels (11, 12) .
One should reflect briefly on methodological limitations. The CG approach lacks the detail of atomistic simulations. However, it has been tested extensively against a number of ␣-helical membrane peptides and proteins with respect to surface vs. TM orientations, and shown to yield good agreement with experimental data (38) . It has also been shown to agree with extended (50-100 ns) atomistic MD simulations of OmpA, Glycophorin A (37), and LacY (38) in terms of protein-lipid interactions. Therefore, we are confident of its ability to reproduce the qualitative nature of membrane protein/lipid interactions in a number of systems.
We are especially conscious that the high polarity (for a transmembrane segment) of the S4 helix would be expected to make the thermodynamics of membrane partitioning quite dependent on the CG interaction potentials. However, we have additionally demonstrated the sensitivity of the CG self-assembly protocol to the peptide sequence by carrying out simulations of a more polar S4 ''mutant'' helix, for which TM insertion is eliminated. Moreover, in artificially constructed systems containing ''metastable'' mutant S4 helices in the TM orientation, rapid transitions to the energetically more favorable interfacial location are observed. Furthermore, preliminary studies in which the Arg potential is made slightly more polar (i.e., hydrophilic) suggest that the self-assembly simulations of the VS and of isolated S4 are robust to changes in the CG potential. Thus, there is a slightly lower rate of isolated S4 helix insertion and an increase in protein/bilayer mismatch for both S4 and the VS of Ϸ1-2 Å. Although this may seem surprising given that the experimental ⌬G for S4 insertion is Ϸ0 (21), one should consider that such an increase in polarity is distributed over the entire helix. This result may be contrasted with the situation described by our ''mutant S4'' simulations, in which an additional Arg residue introduced into the center of the helix resulted in bilayer insertion being completely abolished. Therefore, the tendency for insertion depends not only on the overall peptide polarity, but also on the position of the associated polar residues. This finding is reminiscent of results obtained in studies of recognition of a range of synthetic TM helix sequences by the translocon (49) , and further supports our previous results that the background hydrophobicity of the S4 helix is sufficient to offset the bilayer strain necessary for inserting multiple charged side chains into the low dielectric membrane environment. It should also be noted that the elastic properties of the bilayer model have been shown to be of the same order as those calculated from both atomistic simulations and from experimental data (29) , providing us with further confidence in the observed bilayer deformation around the S4 helix and KvAP under a range of conditions. It will be of interest to develop quantitative approaches for comparison and refinement of the CG potential function against recent atomistic free-energy profiles of amino acid side chains across lipid bilayers (50, ‡).
In summary, our demonstration of bilayer deformation on a microsecond time scale helps to explain some experimental observations apparently incompatible with biophysical princi- ‡ Dorairaj, S., Allen, T. W. (2006) Biophys J 90:213A (abstr).
ples: a highly charged helix embeds itself within a low dielectric, but malleable, membrane environment, which consequently may provide the exquisite sensitivity to membrane potential necessary for channel gating.
Methods
Simulations were performed by using GROMACS (www. gromacs.org) (51, 52) . CG simulations were performed as described in ref. 37 , with CG parameters for lipid molecules (dipalmitoyl-phosphatidylcholine, DPPC), Na ϩ and Cl Ϫ ions, and water molecules as in ref. 29 , and for amino acids as in ref. 37 . A CG peptide or protein model was generated from the corresponding atomistic structure and was composed of a chain of backbone particles with attached side chain particles. For details of protein bond and angle potentials, see supporting information (SI) Text and SI Figs. 5 and 6. Lennard-Jones interactions were shifted to zero between 9 and 12 Å, and electrostatics were shifted to zero between 0 and 12 Å, with a relative dielectric constant of 20. The nonbonded neighbor list was updated every 10 steps. All simulations were performed at constant temperature, pressure, and number of particles. The temperature of the protein, lipid, and solvent were each coupled separately using the Berendsen algorithm (53) at 323 K, with a coupling constant T ϭ 40 ps. The system pressure was anisotropically coupled using the Berendsen algorithm at 1 bar with a coupling constant P ϭ 40 ps and a compressibility of 1 ϫ 10 Ϫ5 bar Ϫ1 . The time step for integration was 40 fs. Protein coordinates were extracted from the following PDB entries and converted to equivalent CG models: 1ORS (KvAP); the S4 helix from 1ORS; 1MSL (MscL); and 1K4C (KcsA). For the S4 peptide simulations, the distance between backbone particles was restrained to mimic secondary structure H-bonds in the atomistic structure (37), using a harmonic distance restraint with an equilibrium length of 6 Å and a force constant of 10 kJ mol Ϫ1 Å Ϫ2 . For the three integral proteins (i.e., the KvAP VS domain, MscL, and KcsA), the tertiary structure of the protein was maintained by using an elastic network model (54, 55) . Harmonic restraints were applied between all backbone particles within 7 Å of one another, each with a force constant of 10 kJ mol Ϫ1 Å Ϫ2 and an equilibrium bond length equal to that in the starting structure.
The S4 peptide was placed in a box of dimension (100 Å) 3 , whereas the VS domain was placed in a box of dimension (110 Å) 3 . The MscL and KcsA simulation boxes were each 100 ϫ 100 ϫ 120 Å 3 . Each CG model was energy minimized using Ͻ100 steps of the steepest decent method, to relax any steric conflicts within the protein. Subsequently, each system was combined with randomly positioned CG DPPC lipid molecules (256 lipids for S4 peptide and VS domain; 249 lipids for MscL; 253 lipids for KcsA). Each system was solvated with CG water particles, and sodium or chloride counterions were added to preserve overall electrical neutrality. Each system was then energy minimized again, for a further Ͻ100 steps, to relax any steric conflicts between protein, lipid, and solvent. Production simulations were then performed on Linux workstations. Analyses were performed by using GROMACS tools and locally written code. Visualization used VMD (56) and RasMol (22) .
